The results of measurements of suspended sediment and bed load carried by the Kacza River into the Gulf of Gdańsk are discussed. The investigations were conducted in the years 2009-2010 at the Orłowo transect and at the mouth of the Kacza River in the Gulf of Gdańsk. The research has shown that the Kacza River discharged about 673 tons of sediment annually to the Gulf of Gdańsk, with 77% being transported as bed load. The granulometric composition of the river load is dominated by coarse-grained sand fractions.
INTRODUCTION
The river inflow is the main source of terrygenous sediments in the Baltic Sea. These sediments, transported as the river bed load or as suspensions in both large river systems and in smaller rivers, a crucial role in sedimentary processes. The contribution of small rivers, such as the Kacza River, to the process of supplying the Baltic Sea with water and sedimentary material is rather small but steady.
The aim of this article was to estimate the size and seasonal change of the sediment load carried by the Kacza River into the Gulf of Gdańsk and its distribution on the bottom at the mouth of the river. Out of three types of material transported by rivers (the dissolved, suspended and bed load) our measurements and calculations cover the last two types.
Former analyses concerning the inflow volume of the river load into the Gulf of Gdańsk referred to the Vistula River (Born 1928; Brański 1972; Brański, Skibiński 1968; Cyberski 1979 Cyberski , 1982 Ejtminowicz 1977) and to the rivers flowing into Puck Bay (Szymczak, Piekarek-Jankowska 2007 ). The research carried out on the Kacza River has concentrated mainly on estimating the contamination inflow (Rybinski 1994; Sobocinski, Trybuszewski 1994) and its distribution in the Gulf of Gdańsk (Cyberski, Jędrasik 1994) .
MATERIALS AND METODS
This study is based on the results of conducted measurements and laboratory analyses and the materials acquired from the "Hydroprojekt" Design and Technical Advising Office in Gdańsk.
The determination of the quantity of the suspended sediment load and the bed load in the Kacza River was based on the results of stream gauging and measurements of water turbidity as well as on the results of grain size analyses of channel deposits. Field work was conducted in the years 2009-2010 at the measuring station at Orłowo in the lower artificially regulated Kacza River bed, 53 m from the mouth (Fig. 1) .
The measurements of flow velocity and quantity were carried out by using a 2030R Eijkelkamp mechanical current meter. The width and depth of the river bed were measured and the results were used to calculate the discharge utilising the simplified method "surface-speed" (Bajkiewicz-Grabowska, Magnuszewski 2002). The coastal speed reduction parameter, which for the Kacza River equals 0.8 (Gutrych-Korycka, Werner-Więckowska 1989), was taken into consideration in these calculations. Water samples of 1 dm 3 were collected at points identical to the hydrometric measurements.
Twice, in May and November 2009, bed load samples from the river channel were collected for the purpose of determining bed load discharge (in the current zone and at a distance of one-six of the channel breadth from the right and left river banks).
Water samples and bed deposits were collected in the vicinity of the Kacza River mouth, in the Gulf of Gdańsk, in September 2009. Samples were taken in a straight line from the river mouth towards the open sea in three profiles (Fig. 1) . Along each of the profiles five measuring points were located at different depths. Water samples at each measuring point were collected on the surface and at the bottom.
In order to determine the concentration of the suspension the samples of river and sea water were filtered through a Sartorius multistational filtering set and GF/F Whatman glass fiber filters. The quantity of the organic suspension was determined based on the difference in their weight before and after the annealing at 450°C.
The grain-size composition of the river-bed sediments as well as the sea bed sediments from the Gulf of Gdańsk were determined with a sieve analysis (Myślińska 2001) . Dried samples were sifted through a standard sieve set with mesh diameters of 4, 2, 0.5, 0.25, 0.125, 0.0625 and 0.040 mm. The statistical analysis of particle size distribution was based on moments method analysis (Racinowski et al. 2001) . Several standard parameters were calculated: the mean diameter (Folk, Ward 1957) , standard deviation (Friedman 1962) , kurtosis, and asymmetry index (Cadigan 1961) .
To estimate the quantity of the bed load transported by the Kacza River a formula proposed by Skibiński (1976) was employed. It is utilised to define the individual, volumetric intensity of the transported bed load based on the dynamic speed, the depth of the river bed and the domination feature characterising the variability of the river bed The transport and distribution of the river load from the Kacza River into the Gulf of Gdańsk | 3 www.oandhs.org sediments' granulation. The conversion from volume into weight units was carried out on the dried river bed sediments.
STUDY AREA
The study area embraces the Kacza River mouth and its vicinity in the Gulf of Gdańsk. The natural limiting line from the side of the sea is the isobath 5 m at about 400 m from the shore. The Kacza River basin covers 53.44 km² and has an elongated shape (Fig. 2) . Its length equals 19.1 km and the average width is 2.86 km (Rokicka 1999) .
The length of the watercourse equals 14.8 km and the river bed is 2 m wide (Szukalski 1974 ). Due to a very specific terrain shape in the basin area the Kacza River resembles a mountain stream with a slope of 10.6‰. In the river mouth area this figure is reduced to 3-5‰ in the upper part and to 6.5‰ in its lower part (Rokicka 1999) .
The spring of the Kacza River is situated on the moraine height at 157 meters above sea level. The basin area is mainly located in rural terrain (85%) which comprises forests, marshy meadows and peat bogs (Szukalski 1974) . The river flows here parallel of latitude (from the west to the east) in a natural and winding river bed. The rest of the basin area is very urban and the river flow is regulated. The measuring station is situated in a section of river which is regulated, artificially deepened and lined with a stony mattress 3 m in width. Slightly below the measuring station an artificial island built of stony mattresses is located (Fig. 3) . Across the river bed, within a short distance from the river mouth, there is a palisade made out of wooden poles. The next part of the river, which is 5 m in width, is irregular and it flows through the beach.
The hydrological regime of the Kacza River is shaped by relatively high rainfall, the geological structure of the basin with mainly permeable or semipermeable forms and the altitude differences influencing the slope of a river.
In the central part of the river basin area sandy sediments and gravel sediments prevail with glacial erratics connected with glacier accumulation. In the southern part of the river basin and also in the river mouth area glacial forms mainly occur: till of the ground moraine and the forms of the terminal moraine. In the western part of the river basin there are sandurs and in the morphological depressions and in the Kaczy Potok Valley there are stagnant and instate water sediments of organic origin, namely peat and silt (Falkowski, Falkowska 2001) . In the river mouth area there are also sandy sediments of marine origin.
The movement of the suspended sediment and bed load delivered by the Kacza River in the Gulf of Gdańsk is influenced by the currents and the wavy motion generated by the wind. During the year the predominant winds blow from the western and north-western directions. Their speed in the coastal zone varies between 3-6 m s -1 from October to March and between 2-5 m s -1 from May to September (Nowakowski 2009).
Wind currents in the Kacza River mouth area run parallel to the shoreline and in accordance with the winds' direction. Change in the wind direction causes a relatively quick change in the current direction. The bottom currents display lower velocity and more stabilised direction (usually from west to east) when compared with the surface currents (Nowakowski 2009). The direction of the latter is mainly eastern or north-eastern in the Gulf of Gdańsk and is of variable speed depending on the wind speed change. The average velocity of the surface current equals 5-9 cm s -1 and in the bottom layer it is near zero (Filipiak et al. 2001 ). In the research area these values are lower due to the proximity of the shore.
The distribution of the salinity of the water in the Gulf of Gdańsk in the Orłowo region varies depending on the season of the year and the amount of inflowing fresh water (Nowakowski 2009). The average salinity value in the research area equals 6.82 PSU. In the winter it is 3.92 PSU and in the summer it is 7.44 PSU.
The processes of waving and currents in the analysed area influence the changeability of the fraction together with the depth of the bottom sediments in this part of the Gulf of Gdańsk (Uścinowicz 1995). The characteristic feature of this region is the accumulation of the gravel fraction, mixed sands and rocks, which is caused by the abrasion of the vicinal cliff in Orłowo. In shallow water at a depth of up to 2 m dominant fractions are medium and coarse sands with an admixture of rocks. The bottom at the depth of 4 m looks similar, however the lithic fraction diameter is smaller. At a depth of 6 and 8 m the dominant bottom sediment fractions are fine sands and silt (Ossowski, Żmudziński 2000) .
RESULTS AND DISCUSSION
In the period under analysis the Kacza River displayed a huge annual variability in water flow. The range was considerable at 0.08 m 3 s -1 to 0.30 m 3 s -1 (Fig. 4) . It is determined by the hydrological regime and the character of the river basin which is small and mainly urbanised. This leads to a quick increase of the water flow during heavy rains and nearly an immediate drop during droughts.
The highest flow rate volume figures were recorded in July and in October 2009 (0.30 m 3 s -1 and 0.29 m 3 s -1 ). Such high values are caused by abundant stormy rainfall in the summer period and intensified rainfall in the autumn period. At the beginning of July precipitation of up to 40 mm per day was recorded (IMGW data), which caused a considerable inflow of rain water into the river drainage area. The average annual precipitation in the area of interest is 588.9 mm, with the highest intensity falling between October and February as well as July and September.
In the summer months rainfall is much higher than during winter, although it rains less frequently.
The lowest stream flow was noted in August 2009 (0.08 m 3 s -1 ). The low streamflow was the result of a lack of rainfall during this period as well as high air temperatures (over 20°C), which caused significant losses due to intensified evaporation. Throughout the year the mean annual flow equaled 0.19 m 3 s -1 .
The results of velocity measurements indicate that the Kacza River discharged 0.006 km 3 of fresh water to the Gulf of Gdańsk annually, which constituted 0.01% of all the river waters flowing into the gulf.
Suspended sediment transport is a function of turbidity and streamflow. Through the year in the analysed period turbidity varied greatly. The turbidity of the river's water ranged from 3.14 g m -3 to 65.05 g m -3 (Fig. 5) .
The highest turbidity of the Kacza River occurred in July and October, during high water episodes, which were due to high total precipitation recorded in the above-mentioned months which caused an increase in the intensity of the flow as well as the surface erosion, which gives a start to the material provided in the process of weathering. In February and in April the average amount of suspended material was the lowest and it was estimated at 4.59 g m -3 and 3.14 g m -3, respectively. Low amounts of suspended material in February were caused by the lack of precipitation and temperatures below 0.
During the research period several storms were noted but one of them deserves special attention. It occurred on October 14 th , 2009. The wind strength averaged 22-23 m s -1 , and reached 31 m s -1 at its highest. Such deviation from the average speed together with the unusual wind directions, namely northern and north-eastern, led to a shore abrasion in the river mouth area and to a backwater phenomenon in the river-bed (Fig. 6) . Sea waves intruded into the river bed up to 60 m impeding the outflow of the river waters and bringing in a great amount of sediment material.
When comparing the turbidity in the Kacza River with other small rivers that flow into the Gulf of Gdańsk we observe quite a high average value in the examined stream -19.39 g m -3 (Fig. 7) .
The average daily transport of suspended sediment load was approximately 0.32 tons. This value ranged from 0.04 tons per day (August 2009) to 1.7 tons per day. The largest mass of suspended sediment load was correlated with either the highest streamflow or turbidity.
In order to determine the bed load discharge it was necessary to analyze the grain size of sediments deposited on the bed. The bed material did not change in the cross-section. The sediment transported by the Kacza River as a bed load is represented by coarse-grained sand (Fig. 8) , which constitutes over 50% of the examined material. The Kacza River is similar to a mountain stream so in its river bed there are also pebbles represented by the gravel fraction of >4.0 mm diameter. Hjülstrom's diagram (Fig. 9 ) was used to determine the erosive velocity of water that made the grains of a certain diameter move. It enabled us to estimate the transport capability of the Kacza River. All the samples were situated within the range of river bed erosion which shows the dynamics of the examined environment. This dependence is illustrated in Table 1 .
As average depth in the Kacza River does not exceed 0.3 m, the measurement of flow velocity was carried out 0.3 m over the river bed. In the Hjülstrom diagram the characteristic velocities of water were measured for 1.0 m depth over the river bed so it was necessary to recalculate the values using the Dębski (1978) factor. It was estimated to be 0.8.
The results of the calculations (using the Skibinski formula) indicated that the Kacza River transported approximately 5.5 cm 3 to 16.0 cm 3 of sediment per second as bed load. The figures for bed load can range from 0.76 to 2.2 tons per day.
Annually the Kacza River transports 153 tons of suspended sediment as well as 520 tons of bed load. The total amount of the river load transported by the Kacza River to the Gulf of Gdańsk is estimated to be 673 tons. When comparing the above-mentioned figures it seems that most of the river load is bed load (77%). The reason for such a difference might be the erosive character of the river which stems from the slope of the river bed as well as the high average flow velocity (0.57 m s -1 ).
The widely accepted assumption that bed load sediment constitutes 10% of the transported river load (Allen 1970; Blatt et al. 1980) does not apply to the Kacza River or other smaller rivers that flow into the Gulf of Gdańsk. The amount of dragged river load in the whole rubble transported by the river is estimated to be from 64 to 79% (Szymczak 2006) .
In the mouth zone, the river enters the sea waters of the Gulf of Gdańsk, losing velocity and depositing its bed load. The deposition of sandy fractions was indicated by grain size composition of the bottom sediment which was collected on the foreground of the mouth of the Kacza River. Sediments were represented by sand fraction, 80% of which is fine sand. Only a few samples were in the size of 0.5-0.25 mm (Fig. 10) .
The samples taken in three profiles of the Kacza River mouth were compared as far as the percentage share of each fraction depending on the depth (Fig.  10) . Decreasing the fraction of the sediment while moving away from the shore was observed. In the samples taken from the areas closer to the shore at a depth of not more than 2 meters the size of the grains varied from 0.5 to 0.125 mm. The deeper the water, the smaller the grains. In the deepest area they Table 1 The transport of river bed load according to the grain diameter and the flow velocity of the Kacza River. were only 0.063 mm. The amount of silt fraction in these samples reached about 10% and was much higher than in the samples taken closer to the shore. It shows the zonal positioning of the sediment on the bottom.
For each sample of sediments, grain size parameters such as average diameter, sorting, skewness and kurtosis were established for the river bed and bottom sediments. The results are shown in Table 2 .
The average diameter of grains from the river bed varied from -0.06 to 0.48 phi, which clearly shows that the strength of this transporting environment is higher. The samples of river bed load are characterized by weak sorting which is due to the diverse dynamics of this environment. The sediments taken from the Gulf of Gdańsk, on the other hand, are sorted quite well. Concomitantly, it can be assumed that the sea environment is characterized by smaller dynamics of transport and energetic diversity. When comparing skewness we can observe that the numbers are very similar for river bed load and sea sediments. Still, the skewness in the sea sediment has more negative asymmetry which can mean that the sediments are washed out or have undergone the processes of redeposition. The last parameterkurtosis -informs us about the stability of the environment and sediment differentiation (Racinowski and Szczypek 2001) . The river bed load undergoes a normal grain size distribution which means that this environment is much more stable, but the frequency of energy can change. Grain size distribution varies with depth as far as the sea water is concerned. The sediments from the vicinity of the mouth of the river are in transit and are characterized by a kurtosis of 5 phi while the sediments from the deeper parts have a kurtosis parameter of up to 17.43 phi.
The aforementioned diversity of the surface sediments in the Gulf of Gdańsk is consistent with a general scheme of sorting the sediments in bigger water reservoirs (Majewski 1990) . Water samples from the Gulf of Gdańsk were taken from within 100 meters of the mouth of Kacza River. The average concentration of suspension in the water is 21.67 g m -3 and its depth varies (Fig. 11) .
The concentration of the suspension in the samples taken from the bottom layer (35.61 g m -3 ) is 95% higher than in the samples taken from the surface. It varies from 0.5 g m -3 to 50.6 g m -3 in profile I, from 19.0 g m -3 to 59.8 g m -3 in profile II and from 23.4 g m -3 to 67.9 g m -3 in profile III. One can see that the concentration of the suspension grows with depth. It is also quite high in the mouth of the river (points I/0, II/0). The concentration of the suspension in the surface waters is lower. On average it amounts to 5.86 g m -3 and it varies much less (from 3.1 g m -3 to 10.1 g m -3 ). The results may be affected by contemporary dynamics of ground streams and waving motion which causes the resuspension of the sediment.
In the vicinity of the mouth of the Kacza River, Table 2 The range of grain size parameters for river-bed sediment of the Kacza River and the Baltic Sea in the vicinity of the river mouth.
another factor that affects the concentration of suspension is the mixing of fresh and sea water. Here the process of flocculation of clay fractions that are suspended occurs. The clay fractions are forming bigger particles -flocs -which makes them fall deeper onto the bottom. The total concentration of the suspension in the examined area is highly dependent on the hydrodynamic conditions that occur in the whole the Gulf of Gdańsk. The source of the suspension on this section of the coast is not only the river inflow but also abrasion of the cliff (Uscinowicz 1995).
The sediment material that gets into the sea in the coastal zone owing to the process of waving undergoes the processes of selection and transport and therefore the placement of the sediment is dependent on average long-term levels of energy in the sea environment (Uscinowicz 1995). As can be seen in figure 12 the sand fractions are moved along the coast southward which is due to the currents along the shore. The silt and clay fractions are moving mainly westwards towards the deep sea.
The contribution of the suspended and dragged material transported by the Kacza River is rather negligible as far as the Gulf of Gdańsk's sediment is concerned. The transport of material suspended in the Gulf of Gdańsk exists mainly in the shallowest areas near the shore. A part of the suspension is being banked in the coastal zone, however, a small amount of the fine grained fractions are being moved in a form of suspension further on.
A forseeable movement of the suspension (Fig.  12) with the WNW wind from the shore on the day of the measurements was the same as the aforementioned wind direction and the amount of transported sediment was getting smaller on the way from the mouth of the river into the bay. Unfortunately, due to the lack of systematic measurements and diverse weather conditions on the Gulf of Gdańsk we cannot define an average tendency of the suspension movement in the sea. According to the research of Cyberski and Jędrasik, conducted in the years 1988-1990, we can state that the direction of spreading the suspended material during the offshore winds is consistent with the direction of the wind and in accordance with the direction of the currents. In the same vein, when the winds blow from the sea, the sediment is being spread along the coastline. The results of Majewski's (1990) research point out the main tendencies of the movement of the water, including the river load movement eastward or north-eastward of the Gulf of Gdańsk.
CONCLUSIONS
• The total amount of the river load transported from the Kacza River equals 673 tons annually, which constitutes 0.05% of the total river sediment inflow into the Gulf of Gdańsk.
• The size of suspended sediment inflow oscillated from 0.04 to 1.7 tons per day and varied by 153 tons in a year.
• The bed load includes medium and coarse grained sands and it constitutes 77% of the total sediment amount.
• The concentration of the suspended sediment in the sea surface waters is equivalent to the river load volume transported by the Kacza River into the Gulf of Gdańsk.
• The increase of the silt and clay fraction according to depth shows the spread of the fine fractions beyond the direct river mouth area.
• The river bed load is deposited in the river mouth area in the Gulf of Gdańsk where it undergoes the processes of wash out and redeposition. 
